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Research highlights 9 
• A new remote sensing application for detecting sand river flow/recharge frequency. 10 
• Analysis of relative NDWI change allowed detection of infrequent surface flows. 11 
• The methodology proved successful even with substantial (>50%) cloud cover. 12 
• Sentinel-2 imagery can complement ground observations of rainfall and flow. 13 
• The methodology proved transferrable to another sand river. 14 
Abstract 15 
Ephemeral sand rivers are common throughout the world’s dryland regions, often providing a water 16 
source where alternatives are unavailable. Alluvial aquifer recharge results from rare surface water 17 
flows. Assessment of surface flow frequency using traditional methods (rain or flow gauges) requires 18 
a high-density monitoring network, which is rarely available. This study aimed to determine if satellite 19 
optical imagery could detect infrequent surface flows to estimate recharge frequency. Well-used 20 
sensors (Landsat and MODiS) have insufficiently high spatio-temporal resolution to detect often short-21 
lived flows in narrow sand rivers characteristic of drylands. Therefore, Sentinel-2 offering 10 m spatial 22 
resolution was used for the Shingwidzi River, Limpopo, South Africa.  Based on an increase of 23 
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Normalised Difference Water Index relative to the dry season reference value, detection of surface 24 
flows proved feasible with overall accuracy of 91.2% calculated against flow gauge records. The 25 
methodology was subsequently tested in the ungauged Molototsi River where flows were monitored 26 
by local observers with overall accuracy of 100%. High spatial and temporal resolution allowed for 27 
successful detection of surface water, even when flow had receded substantially and when the rivers 28 
were partially obstructed by clouds. The presented methodology can supplement monitoring 29 
networks where sparse rainfall or flow records exist. 30 
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1. Introduction 33 
The world’s dryland regions are characterised by low and variable rainfall, which, when combined with 34 
negligible groundwater contribution, cause rivers to remain dry with very occasional surface water 35 
flow. Where the underlying geology is of low permeability, such as Africa’s crystalline basement, the 36 
sediments deposited by these “sand rivers” can form useful aquifers. Unfavourable climate and 37 
geology in these regions often leads to few other accessible water resources. Sand river water table 38 
depth is typically less than a few metres and recharge via surface flow is infrequent but regular. Hence, 39 
long-term groundwater depletion is not expected and sand rivers are considered a renewable 40 
resource (Owen, 1989). 41 
Drylands incorporate hyper-arid, arid, semi-arid and dry sub-humid areas, which comprise 41.3 % of 42 
the Earth’s surface and are home to 2.1 billion people (UN, 2017). Hence, water resources contained 43 
within these alluvial aquifers provide for millions of people and have been utilised for millennia 44 
(Jacobson et al., 1995; Love et al., 2011; Seely et al., 2003). These water resources are particularly 45 
useful for poor rural communities and small-scale agriculture as the head difference and distance from 46 
river channel to riparian fields are usually small, minimising pumping costs and infrastructure 47 
requirements, and the relatively low stored volumes are not restrictive, as they may be for water 48 
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supply to a town or for large-scale irrigation (Hussey, 2007; Love et al., 2007). Consequently, sand river 49 
abstraction systems are popular with NGOs and donors, as evidenced by the number of organisations 50 
who work only on installing such systems (e.g. Dabane Trust, 2017, Excellent Development, 2017, 51 
Tarun Bharat Singh, 2017).  52 
Understanding the frequency of flow/recharge events is crucial for planning of abstraction systems. 53 
Hence, Davies et al. (1998), state the sustainable yield of a sand river system primarily depends on 54 
“the recharge it receives and its distribution with time”. Estimation of sustainable yield means an 55 
appropriate sand river abstraction system can be designed, ranging from simple caissons and 56 
handpumps for domestic supply to banks of well points abstracting over 1000 l/s for large-scale 57 
irrigation (Clanahan and Jonck, 2004). Sand river aquifer recharge is almost entirely from surface water 58 
flow during annual/occasional floods, with direct precipitation providing minimal recharge (Owen and 59 
Dahlin, 2005; Sorman et al., 1997). Because surface water flow only occurs when the aquifer is fully 60 
saturated (Nord, 1985; Owen, 1989), surface water flow frequency equates to alluvial aquifer recharge 61 
frequency.  Understanding of flow frequency is also required for a sand dam feasibility assessment 62 
according to Maddrel (2018): “Sand dams must be sited on a sufficiently seasonal river” (the number 63 
1 technical pre-condition). Furthermore, because sand dams should be constructed in lifts following 64 
each surface water flow event (in order to enable passage of silts and trapping of only coarse 65 
sediment), it is important to know the flow frequency to enable project management of materials and 66 
labour (Nissen-Petersen, 2006).  67 
Analysis of flow records would be the easiest method of determining surface flow/recharge frequency, 68 
however, such records are scarce in many regions of the world, especially in arid and semi-arid 69 
environments (Tooth, 2000). Sand river flows are often subject to downstream volume decreases, 70 
principally due to transmission losses into the riverbank and underlying geology, in addition to 71 
evaporation losses (Hughes and Sami, 1992). Therefore, unless the river has multiple gauges, surface 72 
flows in the reach under investigation may have petered out before a downstream gauge is reached 73 
and the flow/recharge event would go unrecorded. Conversely, recorded flow at an upstream gauge 74 
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may have petered out before reaching the area of interest. Rainfall records could suggest flow 75 
frequency though this may be unreliable as dryland areas are characterised by high variability in 76 
rainfall amount, intensity and spatial distribution (Goudie, 1987; Koohafkan and Stewart, 2008). In 77 
more arid and larger catchments, storms may occur in a relatively isolated area, activating some 78 
tributaries and leaving adjacent tributaries dry (Tooth, 2000). The common absence of flow frequency 79 
data means that usually the only option is to identify local people with a long and deep knowledge of 80 
the sand river and simply ask them about frequency and magnitude of flow events (Neal, 2012).  81 
Satellite remote sensing could potentially aid in estimating recharge frequency in data scarce regions 82 
through detection of surface water flow. However, the review paper by Huang et al. (2018), 83 
concerning detecting and monitoring surface water from satellite imagery, presents no previous 84 
studies assessing ephemeral channels in dryland areas. The use of remote sensing for investigating 85 
sand rivers has been mostly limited to identification and delineation of alluvial aquifers (Owen, 1989; 86 
SIDA-VIAK, 1984), even though flooding extent mapping is a well-established practice (Policelli et al., 87 
2017; Pham et al., 2018). Mpala et al. (2016) tried using Landsat data to detect water saturated sand, 88 
but concluded that manual visual inspection of individual images would be required to determine if 89 
there was any surface flow or moisture. The narrow channel width of exploited sand rivers (a few tens 90 
of metres) and the often short duration of flow events (a few days) prevents the utilisation of low 91 
resolution satellite imagery from Landsat or MODIS. However, the higher spatial and temporal 92 
resolution of imagery from the recently launched Sentinel-2 satellites renders it applicable to sand 93 
river research. The aim of this study was to test whether high spatial resolution optical satellite 94 
imagery can be effectively used to detect flow in sand rivers and thus estimate recharge frequency of 95 
the alluvial aquifer. 96 
2. Study sites  97 
The two studied catchments, the Shingwidzi and the Molototsi, are both in eastern Limpopo Province, 98 
approximately 35 km apart, in northeast South Africa (Figure 1). The climate is categorised as hot semi-99 
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arid, experiencing a single rainfall season during the summer months of November to March and high 100 
interannual variability. A distinct rainfall gradient is observed between both catchments’ hilly 101 
headwaters in the west and the drier lowveld to the east. Severe droughts occur with unpredictable 102 
periodicity and in the past in Limpopo have caused crop failure and economic losses (Trambauer et al., 103 
2015). The catchments overlie weathered regolith and Archaean gneisses and greenstones. 104 
 105 
Figure 1. Location of the study catchments, river gauges and raingauges. 106 
The Shingwidzi catchment rises in Vhembe District and lies mostly within the Kruger National Park, 107 
draining eastwards to join the Olifants River in Mozambique. The area of the catchment considered is 108 
that which lies above the Silwervis gauge in Kruger National Park, monitored by the South African 109 
Department for Water and Sanitation (DWS). This portion of the catchment covers 810 km2 with a 110 
river length of approximately 90 km and channel width of 20-40 m near the gauge. The upper reaches 111 
comprise some villages and small-scale agriculture, however, Mopane-veld vegetation dominates this 112 
low relief catchment. 113 
The Molototsi catchment is within Mopani District and drains eastwards to the Groot Letaba River, 114 
through Kruger National Park to also join the Olifants River. The catchment covers an area of 1170 km2 115 
and the river has a length of approximately 120 km with channel width of 50-90 m in the lower reaches. 116 
The upper reaches of the Molototsi catchment are hilly with populated valleys and forested slopes. 117 
Approximately 70 km2 of these upper reaches lie above the Modjadji Dam, constructed in 1997 to 118 
supply potable water to the Groot Letaba municipal area (DWAF, 2010). Downstream of the dam and 119 
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heading east away from the mountains the environment becomes flatter, drier and more sparsely 120 
populated, mostly comprising Mopane-veld vegetation.  121 
3. Data 122 
3.1 Shingwidzi ground observations 123 
A gauged ephemeral river was required with recent records contemporary with the period of available 124 
satellite imagery. Despite South Africa being well-endowed in river gauging stations when compared 125 
to the rest of Africa (GRDC, 2017), appropriate flow data was difficult to find because ephemeral rivers 126 
are rarely gauged (Acuña et al., 2014), which is a principal reason for this remote sensing study. The 127 
DWS monitoring records are divided into basins and all dryland basins were searched for a compatible 128 
river. The Olifants Basin exemplifies the difficulties of the search: There are 98 DWS gauging stations 129 
in the Olifants Basin, though only 46 are still recording. Analysis of the 98 flow records (available online 130 
at https://www.dwa.gov.za/Hydrology) indicated that, while 22 showed some intermittence, only 7 131 
experienced flows during fewer than 6 months per year, and only 3 of those are still recording (gauges 132 
on the Tsende, Shisha and Shingwidzi Rivers). The first two of these proved unsuitable for validation 133 
of the remote sensing flow detection methodology: The Tsende gauge is on a highly vegetated channel 134 
(i.e. there is no exposed sand river) immediately downstream of a large dam and the Shisha gauge is 135 
on a channel too narrow (<~12 m) for current remote sensing analysis. The Shingwidzi River at 136 
Silwervis in Kruger National Park proved to be the only suitable river for analysis (Figure 1). The gauge 137 
is located at a small sand dam within a sand channel of 20-40 m in width. While the sand dam has an 138 
influence on the flow regime, perhaps precluding passage of minor surface flow events, the channel 139 
experienced suitably ephemeral flows for its selection as a validation site. Flow data were obtained 140 
for the 2016 to 2018 hydrological years, coinciding with the imagery availability from Sentinel-2. 141 
Corresponding rainfall data were obtained for the two raingauges within the Shingwidzi catchment; 142 
Woodlands raingauge is 2.5 km from the Silwervis river gauge and Shangoni raingauge is 30 km 143 
upstream (Figure 1). These two raingauges are within Kruger National Park and are monitored by 144 
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South Africa National Parks (SANParks) with data available online 145 
(http://dataknp.sanparks.org/sanparks/metacat). A summary of all the data for both study sites is 146 
presented in Table 1. 147 
Table 1. Summary of data used in the study. See Figure 1 for ground observation locations. 148 
Type Location Period Source 
River flow Shingwidzi River @ Silwervis Oct 16 to Jan 18 DWS 
Rainfall Woodlands and Shangoni Oct 16 to Jan 18 SANParks 
Sentinel-2 1C products Shingwidzi watershed Oct 16 to Jan 18 Copernicus Open Access Hub 
Flow occurrence Molototsi River, Duvadzi Farm Oct 16 to Sep 17 Local observer 
Rainfall Modjadji Dam, Giyani, A hi 
tirheni Mqekwa Farm and 
Duvadzi Farm  
Oct 16 to Sep 17 DWS, ARC, local observers 
Sentinel-2 1C products Molototsi watershed Oct 16 to Sep 17 Copernicus Open Access Hub 
 149 
3.2 Molototsi ground observations 150 
The Molototsi was selected to test the transferability of the methodology because it is ungauged, has 151 
a wide channel, and was reported to flow infrequently by the local community. The Molototsi is 152 
currently exploited for small-scale irrigation by riparian smallholder farmers; understanding flow and 153 
recharge frequency of this sand river is important for management of the increasingly abstracted 154 
water resources (Walker et al., 2018). As the Molototsi is ungauged, a local observer, who utilises the 155 
sand river aquifer daily for irrigation, recorded and photographed all surface flow events during the 156 
2016/2017 hydrological year (Figure 2). These observations of flow frequency were used to test the 157 
transferability of the remote sensing flow detection methodology.  158 
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 159 
Figure 2. Examples of local observer’s photographs of flow in the Molototsi River: bank-full flow on 29 160 
December 2016 (left) and receding flow on 17 January 2017. 161 
Rainfall data were obtained for comparison with the flow records to assess if rainfall data alone could 162 
be used to predict flows in ungauged catchments. A single DWS raingauge is located within the 163 
Molototsi catchment at Modjadji Dam, its records being representative of the mountainous portion 164 
of that catchment. Two community-monitored raingauges are also present within the lowveld portion 165 
of the Molototsi catchment at A hi tirheni Mqekwa Farm and Duvadzi Farm (Figure 1). Further rainfall 166 
measurements for the lowveld were acquired from the South African Agricultural Research Council 167 
(ARC) for their Giyani raingauge 11 km to the northeast of the catchment. 168 
3.3 Satellite data and data pre-processing 169 
For this study Sentinel-2 imagery was used, which offers superior spatial resolution when compared 170 
to other freely available satellite multispectral imagery (e.g. MODIS - 250 m or LandSAT - 30 m). The 171 
Sentinel-2A and -2B satellites were developed by the European Space Agency (ESA) and were launched 172 
on 23 June 2015 and 7 March 2017, respectively. The satellites carry a multispectral instrument 173 
measuring the reflected solar spectral radiances in 13 spectral bands within the visible to the 174 
shortwave infrared (SWIR) region at three spatial resolutions (10, 20 and 60 m) and provide a 5-day 175 
revisit time.  176 
The calibrated top-of-atmosphere (TOA) reflectance data, termed Level 1C products, with varying 177 
cloud cover (from 0 up to 61.2%) were acquired for the study areas for the 2016-2018 (Shingwidzi) 178 
and 2016/2017 (Molototsi) hydrological years. These were atmospherically corrected to bottom-of-179 
atmosphere (BOA) reflectance products, termed Level 2A, using Sen2Cor (version 2.4.0) with default 180 
parameter settings (Figure 3). Sen2Cor is a third-party plugin supported by ESA for the Sentinel-2 181 
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toolbox, which performs atmospheric correction with DDV (Dark Dense Vegetation) algorithm 182 
(Kaufman et al., 1997), cloud screening and basic scene classification of Level 1C input data. 183 
  184 
Figure 3. The flow chart shows the implemented processing steps: (1) atmospheric correction of Level 1C data, 185 
which outputs Level 2A data and a land-cover classification map, (2) calculation of Normalised Difference 186 
Water Index (NDWI), (3) calculation of change in NDWI relative to dry season’s NDWI value (ΔNDWI), (4) 187 
implementation of a threshold, and (5) masking of areas obstructed by clouds or cloud shadows. 188 
4. Methodology 189 
The spectral regions, which are universally used in surface water and flooding monitoring studies, 190 
include the red, near infrared and shortwave infrared wavelengths. Common spectral indices utilising 191 
those regions that are used for delineation of open water features include Normalised Difference 192 
Vegetation Index (NDVI) (Tucker, 1979), Normalised Difference Water Index (NDWI) (McFeeters, 1996), 193 
Modified Normalised Difference Water Index (MNDWI) (Xu, 2006) and Normalised Difference Pond 194 
Index (NDPI) (Lacaux et al., 2007). MNDWI and NDPI utilise the shortwave infrared region, which 195 
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provides greater contrast between water and non-water features when compared to near infrared 196 
wavelengths. However, the use of those indices would restrict the spatial resolution to 20 m. To take 197 
advantage of the available 10 m spatial resolution, the analysis focused on retrieval and analysis of 198 
NDWI, which was calculated using the following formula: 199 
NDWIi = (GREEN – NIR)/(GREEN + NIR) 200 
where NDWIi is NDWI value for a given day (i), GREEN is the green spectral band (band 3) and NIR is 201 
the near infrared spectral band (band 8). Water features are enhanced by NDWI and would result in 202 
positive values, whilst vegetation and soil features would usually have zero or negative values. 203 
However, such threshold would be ineffective for detecting water features within the investigated 204 
sand river. The NDWI value of the riverbed remained negative in most cases during the wet season 205 
due to the water features being very shallow and rich in sediments, which affects the absorption and 206 
scattering of light energy. Selection of an alternative threshold could be attempted, but might prove 207 
unfeasible since the spectral response throughout the river channel is variable even during the dry 208 
season. Instead, we proposed to make a pixel-level comparison of the retrieved NDWI values against 209 
dry season NDWI values, which were retrieved from imagery dated 17 July 2017 for Shingwidzi and 6 210 
July 2017 for Molototsi. The particular dates were selected as they are at the peak of the dry season 211 
and cloud-free imagery was available. Changes between the current and the dry season’s NDWI values 212 
(termed NDWIdry) within the river channel were expressed as a percent difference on a per-pixel basis: 213 
ΔNDWIi = (NDWIdry – NDWIi)/ NDWIdry * 100 214 
Calculation of ΔNDWI was restricted to river channels. The value of the threshold signifying flow was 215 
selected upon investigation of the ΔNDWI variability on another cloud-free image acquired during the 216 
dry season: 17 August 2017 for Shingwidzi and 10 August 2017 for Molototsi. River polylines, digitised 217 
manually along the whole length of the river channels’ centres, were used to extract ΔNDWI values 218 
along the riverbeds. All pixels within a 5 m buffer of the polylines, i.e. one pixel width, were used for 219 
analysis. This ensured all pixels utilised for calculation of the threshold comprised only sand river 220 
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channel and excluded all mixed pixels. The mean ΔNDWI and standard deviation values were 3.11% 221 
and 11.93% for the Shingwidzi river channel, 7.59% and 6.73% for the Molototsi river channel. The 222 
variation within each channel could be attributed to such factors as change in the sand properties 223 
leading to a change in reflectance or the performance of the applied atmospheric correction. Early 224 
validation results for a site in Germany of the used Sen2Cor processor showed a difference of up to 4% 225 
between image and reference reflectance values leading to an NDVI uncertainty of up to 6% (Pflug et 226 
al., 2016). The uncertainty of NDWI retrieved in this study could be higher as challenging imagery with 227 
very high cloud cover (up to 61.2%) were used to achieve the highest possible temporal resolution. 228 
We aimed to account for 95% of variation within the ΔNDWI value, which would require a threshold 229 
of  20.82% for Shingwidzi and 20.04% for Molototsi (based on the 95th percentile); these values were 230 
rounded to 21% and 20%, respectively, for the analysis. Where ΔNDWI surpassed the chosen threshold, 231 
the pixel was classified as likely to contain surface water. Areas identified as clouds or cloud shadows 232 
were masked using the 20 m classification product derived by the Sen2Cor processor. 233 
Presence of flow was determined based on analysis of threshold outputs; whenever highlighted pixels 234 
formed linear patterns within the river channel, a flow was recorded. Confusion matrices comparing 235 
ground observations to satellite predictions were used to assess the performance of the methodology.  236 
The number of true positives (TP) representing correctly detected flows, true negatives (TN) 237 
representing correct identification of no flow, false positives (FP) representing incorrectly detected 238 
flows and false negatives (FN) representing undetected flows were used to derive four statistical 239 
measures (Mann and Lacke, 2010), where n is the total number of analysed satellite passes:  240 
• Overall accuracy: How often was the prediction correct? (TP + TN) / n 241 
• Recall, or true positive rate: How often was a flow correctly identified? TP / (TP + FN) 242 
• Precision: How often did flow occur when flow was predicted? TP / (TP + FP) 243 
• f1-score: A measure of the methodologies accuracy; defined as the harmonic mean of recall 244 
and precision. 2TP / (2TP + FP + FN). 245 
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5. Results and discussion 246 
5.1 Validation of methodology at Shingwidzi 247 
It can be seen in Figure 4 that surface flows are detectable from Sentinel-2 imagery; high flows are 248 
observable in January with lower flows in November and February. The quantitative validation of flows 249 
identified with Sentinel-2 versus formally observed flows in the Shingwidzi River show that the 250 
methodology performs very well. The confusion matrices and associated accuracy statistics are shown 251 
in Table 2 and reveal high overall accuracy, recall and f1-score, while precision is lower.  252 
 253 
Figure 4. Examples of processed imagery for the Shingwidzi River showing flow. The box shows the location of 254 
the magnified image on the right. 255 
The high scores result from the fact there was only a single false negative (undetected flow). This 256 
single false negative occurred when substantial cloud cover permitted analysis of only short sections 257 
of the river and at the end of a multi-week flow event when receding flow was very low. However, 258 
previous satellite passes did detect the flow (see Figure 5). From a point of view of detecting aquifer 259 
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recharge events, it is most important the flow was detected at all rather than informing its duration. 260 
More concerning are the five false positives (incorrectly detected flows). Further investigation 261 
revealed that these five false positives were caused by misregistration of imagery resulting from 262 
differences in image geometry. The latest multi-temporal image registration performance report 263 
indicates the imagery are registered to within 11 m (for Sentinel-2A) and 13 m (for Sentinel-2B) at 95% 264 
confidence level. The statistics have shown that 60% of Sentinel-2A and 42% of Sentinel-2B products 265 
have co-registration error of less than 0.5 pixels, whilst error of less than one pixel was observed for 266 
92% of Sentinel-2A and 86% of Sentinel-2B products (ESA, 2018). Because the Shingwidzi channel is 267 
generally only two to four pixels (20-40 m) wide, geometric offset of a few metres was sufficient to 268 
give ΔNDWI values above the threshold as bankside vegetation was now incorporated into sand river 269 
pixels. Geometric correction could have been conducted manually but this is not a practical option for 270 
multi-temporal image analysis. In this respect, conventional threshold methods may appear to be 271 
better performing as they are independent of image misregistration. However, in the investigated 272 
rivers, reflectance varied throughout the sand river channel, even during the dry season, rendering 273 
this conventional threshold method unfeasible. ESA is currently developing a further geometric 274 
refinement algorithm to improve the repetitiveness of the image geolocation and eventually reach 275 
the multi-temporal geolocation requirement of the mission (<0.3 pixel at 95% confidence level) (ESA, 276 
2018; Yan et al., 2018), which should minimise this problem. It will be seen in the subsequent section 277 
that this issue did not occur with the Molototsi. This is due to the Molototsi channel being 50-90 m 278 
wide, therefore, with geometric offset of a few metres most sand river pixels would remain largely 279 
unaffected. Three conclusions could be drawn: 1) The minimum sand river channel width to negate 280 
false negatives induced by image misregistration is about 40 m, so that at least two pixels would only 281 
be minimally affected. 2) Only Sentinel-2 (excluding commercial providers) with its 10 m resolution is 282 
suitable for sand river analysis; geometric offset of coarser resolution satellite imagery would restrict 283 
the analysis to very large sand rivers. 3) The methodology generally performed satisfactorily and could 284 
be tested at the Molototsi. 285 
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Table 2. Confusion matrix and accuracy assessment of flow and no flow detection in the Shingwidzi River for 286 
the period 1/10/2016 to 31/1/2018 (the most recent available data). The values within the matrix refer to 287 
observations or predictions of satellite passes as opposed to days of flow or number of events. Satellite passes 288 
when cloud cover prevented analysis are not included in the matrix and are discussed later in the manuscript. 289 
For the temporal distribution of the cloud obscured passes, see Figure 5. 290 
n = 68 Observed 
flow 
Observed 
no flow 
  
Predicted 
flow 
10 5 
Predicted 
no flow 
1 52 
 291 
Overall accuracy (%): 
 
91.2 
 
Recall (%): 
 
90.9 
 
Precision (%): 
 
66.7 
 
F1-score: 
 
0.77 
No. of satellite passes 
obscured by cloud: 
66/134 
49.3% 
 292 
 293 
 294 
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Figure 5. All Sentinel-2 passes during the 2016/2018 hydrological years – to the limit of river flow data 295 
availability in February 2018 – showing whether or not surface water flow was detected in the Shingwidzi River 296 
and when cloud cover was too extensive for processing (top); the river hydrograph measured at the Silwervis 297 
gauge, and; local rainfall records showing the 2016/2017 annual total for comparison between raingauges. It 298 
should be noted that 2016/2017 was above average for rainfall and flows. The increased frequency of satellite 299 
passes in July 2017 reflects the onset of data availability from the second Sentinel-2 satellite. 300 
5.2 Transferability of methodology at Molototsi 301 
Quantitative validation of the Molototsi was conducted as per the Shingwidzi. Flow events observed 302 
and photographed  were compared to predicted flows (Table 3).  303 
Table 3. Confusion matrix and accuracy assessment of flow and no flow detection in the Molototsi River for the 304 
period 1/10/2016 to 30/9/2017. The values within the matrix refer to observations or predictions of satellite 305 
passes as opposed to days of flow or number of events. Satellite passes when cloud cover prevented analysis 306 
are not included in the matrix and are discussed later in the manuscript. For the temporal distribution of the 307 
cloud obscured passes, see Figure 6. 308 
n = 53 Observed 
flow 
Observed 
no flow 
  
Predicted 
flow 
7 0 
Predicted 
no flow 
0 46 
 309 
Overall accuracy (%): 
 
100 
 
Recall (%): 
 
100 
 
Precision (%): 
 
100 
 
F1-score: 
 
1.00 
No. of satellite passes 
obscured by cloud: 
31/84 
36.9% 
 310 
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 311 
Figure 6. All Sentinel-2 passes during the 2016/2017 hydrological year showing whether or not surface water 312 
flow was detected in the Molototsi River and when cloud cover was too extensive for processing (top); local 313 
rainfall records, and; local observer’s ground observations of flow events highlighted in grey.  314 
The accuracy statistics for the Molototsi are very high, better than for the Shingwidzi, due to image 315 
misregistration not being an issue in the wider sand channel and thus not producing false positives. 316 
However, there was a flow event in May that was undetected by Sentinel-2 (see Figure 6). This event 317 
being undetected resulted not from an error but from the lack of a satellite pass during a very short 318 
duration flow. This flow event was observed by the authors (Figure 7) and occurred a few hours after 319 
a 12th May satellite pass. The flow had completely receded giving way to a dry sand surface prior to 320 
the subsequent satellite pass on 19th May. This flow event occurred in May 2017 prior to data 321 
availability from both Sentinel-2 satellites. As the frequency of images is now every 2-5 days, it is not 322 
expected that such a short-lived flow would be subsequently undetected (unless obscured by cloud 323 
cover). This event confirms that currently only Sentinel-2 with its high temporal resolution is applicable 324 
to sand river flow detection. This ground observation revealed that detecting bank-full flows would 325 
be unlikely as they may occur for just a few hours (Figure 7b). Therefore, unless the satellite is 326 
extremely fortuitously overflying during that brief period and cloud cover is not extensive, 327 
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identification of flow requires detecting receding flow when only a narrow stream exists within the 328 
channel (Figure 7c). The spatial resolution of Sentinel-2 imagery was sufficiently high for these 329 
receding flows to be detected, as is shown in Figure 8. What’s more, disconnected (at least on the 330 
surface) pools remained visible on the imagery in the days following flow cessation (Figure 8). This 331 
indicated surface flow occurred recently even when that flow may have been missed due to cloud 332 
cover or no satellite pass. It can be seen qualitatively in Figure 8 that surface flows can be identified 333 
with NDWI from Sentinel-2. An active flowing stream is clearly visible within the moist sand river 334 
channel. The sand river can then be observed to become progressively drier until baseline conditions 335 
are resumed after about a month.  336 
 337 
Figure 7. The Molototsi River when dry at 09:24 on 12 May 2017 (a), during short-lived bank-full flow at 12:50 338 
on 13 May (b), and receding flow at 15:22 on 13 May (c). 339 
 340 
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 341 
Figure 8. Examples of processed imagery for the Molototsi River showing significant flow (12 January), 342 
receding flow (19 January), disconnected pools (1 February), and no surface water (11 February). The box 343 
shows the location of the magnified image on the right. 344 
5.3 Sources of uncertainty 345 
In addition to the previously discussed issue of image misregistration, which can be negated by 346 
applying the methodology in suitably wide rivers, sources of uncertainty include the accuracy of the 347 
river channel polyline and cloud cover. Inaccurate digitisation of river polylines may result in 348 
incorporation of mixed pixels leading to errors in the ΔNDWI threshold. Determination of this 349 
threshold from the whole river channel rather than the channel centre may provide a more 350 
representative value but similarly there is the risk of incorporating mixed pixels. The issue of short-351 
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lived flows occurring between Sentinel-2 satellite passes is now considered unlikely due to the 352 
increased temporal resolution since the launch of Sentinel-2B.  353 
 354 
The main limitation of using optical remote sensing instruments, and consequently of the presented 355 
methodology, is their vulnerability to cloud cover. Tables 2 and 3 show that 49.3% and 36.9% of the 356 
Shingwidzi and Molototsi images, respectively, could not be processed due to excessive cloud cover. 357 
The poorer percentage of processable images for the Shingwidzi was because a relatively short length 358 
of the sand river (20 km) at the flow gauge was analysed; the downstream reach being prior to any 359 
significant tributaries which may contribute flows that did not pass the flow gauge. In the case of the 360 
Molototsi, a longer reach was analysed (approximately 90 km) giving more chance of detecting flow 361 
within breaks in cloud cover. Since the launch of the second Sentinel-2 satellite, a single non-362 
processable image may not be an issue as if flow goes undetected the surface water would likely 363 
remain until the subsequent overflight. However, where multiple consecutive images cannot be 364 
processed, and pre-July 2017 when the period between image acquisitions was greater, there exists 365 
the possibility of not detecting flows. Furthermore, care has to be taken if imagery with a significant 366 
cloud cover is used for the analysis as the Sen2Cor processor may not always produce an optimal 367 
classification result. If some pixels occupied by clouds or their shadow are not classified as such, they 368 
will not be masked from the final result, and consequently may be misidentified as flow. Figure 8 369 
shows such an example for the imagery acquired on 11 February 2017; several isolated pixel clusters 370 
are highlighted as potential flow due to the classification failing to identify they are located within the 371 
cloud shadow. An alternative algorithm, such as the one developed by Zhu et al. (2015), could be used 372 
to improve the cloud detection accuracy, although that would require implementation of a further 373 
processing step. We therefore recommend comparing the processing outputs against the original 374 
image if disconnected pools are identified within a very cloudy scene to ensure they are not located 375 
within a cloud or a shadow. Despite this limitation, in this study image tiles with cloud cover as high 376 
as 61.2% were successfully processed and analysed. Figure 9 shows how flow can still be identified 377 
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even when the river is partially obstructed by clouds; inspection of the visible sections of the river 378 
suggested a receding flow was present on that day. 379 
 380 
Figure 9. Processing output for 3 March 2017 with magnified locations used for visual analysis to determine 381 
the presence of flow in the Molototsi River. 382 
5.4 Comparison with rainfall and nearby flow records 383 
Flow within the studied sand rivers was compared to raingauge records to assess whether satellite 384 
imagery is necessary to detect surface flow events or could rainfall data more easily predict flow in 385 
ungauged catchments. While Figures 5 and 6 show that flows occurred during the period of highest 386 
rainfall, there are individual high rainfall totals that did not cause flows and flows when rainfall was 387 
not especially high. It appears that rainfall, therefore, is a poor predictor of surface flow events. This 388 
is due to the high spatial variability of rainfall indicating that the rainfall monitoring network would 389 
have to be of very high density to be sufficient to identify if and/or when flows occurred. The May 390 
2017 flow event (Figure 7) was revealing in that the raingauges within the lowveld (at Giyani, A hi 391 
Tirheni Mqekwa Farm and Duvadzi Farm) recorded little rainfall (0-10.3 mm), though 41.5 mm was 392 
measured at Modjadji Dam (Figure 6). What’s more, no flow was observed in the Molototsi tributaries 393 
in the lowveld; the only tributaries observed to be active were those from the small proportion of the 394 
mountain catchment downstream of Modjadji Dam. Visits to farms near Giyani on the adjacent Klein 395 
Letaba River (between the Molototsi and Shingwidzi catchments) showed that this river had not 396 
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experienced flood flows, and the Shingwidzi flow data show no flow occurred there either (Figure 5). 397 
This short duration flow event provided complete recharge to the Molototsi sand river aquifer though 398 
could not be predicted from nearby raingauge nor river flow records.  399 
6. Conclusions 400 
This research has shown that remote sensing can aid in estimating sand river flow and recharge 401 
frequency, and enhance ground-based monitoring networks. The presented methodology of analysing 402 
change in NDWI value calculated using Sentinel-2 imagery successfully detected surface flows, even 403 
when flow had substantially receded and during substantial cloud coverage. A disadvantage of the 404 
method, akin to all applications of optical remote sensing, is its dependence on limited cloud cover. 405 
However, we showed that by investigating a lengthy reach of a river, the proportion of non-406 
processable imagery can be substantially reduced. The methodology proved applicable and successful 407 
on two South African sand rivers and should be transferrable to other sand rivers around the world. 408 
The only site-specific element is the calculation of the ΔNDWI threshold that has some dependence 409 
on the dry season reference value. The 10 m spatial resolution means sand rivers as narrow as 20 m 410 
are theoretically analysable as long as the imagery contains pixels comprising only sand river. However, 411 
as was revealed by the study, problems of geometric correction mean 40 m is proposed as the 412 
minimum sand river width to avoid tedious manual registration of individual images. The minimum 413 
analysable channel width will further depend on riparian vegetation overhang. 414 
Use of remote sensing allows investigation of the potential for a sand river to provide an exploitable 415 
water resource, whilst minimising field costs and risks, including avoidance of in-situ instrumentation 416 
and associated risks of vandalism or theft. The potential applications of this methodology include: 417 
• Estimation of recharge frequency in sand rivers where no flow gauges, raingauges or 418 
anecdotal records exist, to enhance ground-based monitoring networks 419 
• Estimation of recharge frequency in sand rivers that may be too costly or too hazardous to 420 
visit 421 
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• Estimation of recharge frequency, which, when combined with field aquifer geometry 422 
measurements, can be used to determine sustainable yield 423 
• Exclusion from further investigation at desk study stage of unsuitable sand rivers that receive 424 
infrequent surface flows 425 
• Extraction of information that enables planning, particularly timing, of sand abstraction 426 
system construction 427 
• Corroboration of anecdotal evidence of surface flow frequency 428 
• Determination of preceding rainfall thresholds (if headwater rainfall records are available) 429 
that cause surface flows and recharge from specific runoff source areas 430 
• Determination of preceding upstream flow or dam release thresholds (if upstream gauge or 431 
dam release records are available) that cause surface flows and recharge 432 
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